High redshift radio galaxies (z > 1) are unique spatially extended probes of the galactic environment at the earliest observed epochs. Recent discoveries have unleashed a host of questions about their nature. Many new objects are being found, and their unusual properties are being uncovered. They generally exhibit the "alignment effect" wherein their highly elongated lumpy morphologies are lined up along the axes of their powerful radio sources. Evidence for both large star formation rates and scattered quasar light are found in the aligned continuum.
/1 1/ that the alignment effect extends down into infrared (or well below the 4000 A break in the restframe) . Thus for radio galaxies with z > 1 , some reasonable fraction of the light in the K-band Hubble diagram is aligned with the radio source. This is difficult to understand if, as was previously thought, the K band light is dominated by an old stellar population.
However there may be other components, as indicated by the discovery of significant polarization in 3C368 /12,13/. A scattered component provides additional evidence for unified schemes of AGN's (e.g. Barthel /14/). In this picture the differences between radio loud quasars and radio galaxies are attributed entirely to their orientation with respect to the observer, i.e. a quasar is a radio galaxy seen within 20 degrees of the radio axis. In radio galaxies the nucleus is assumed to be obscured along our line of sight but is beamed anisotropically in the plane of the sky and then scattered into our line of sight by some scattering medium associated with the host galaxy. The scattering could be due to dust, or perhaps more likely, electron scattering from a dense hot 1CM /15/. However, Scarrot ei al. /13/ point out that their imaging polarimetry observations of 3C368 indicate that beaming/scattering is insufficient to account for the alignment effect, and some additional source (starlight?) is required to account for all of the aligned continuum.
Aligned radio galaxies are not expected to contain much dust because of their large Lyman a surface brightnesses. Even a small amount of dust can extinguish UV resonance line photons such as Lyman a. Nonetheless, dust may play an important role if it is clumped differently from the emission line gas. The Lya/Ha ratio may be the best indicator of the presense of dust, but measurements of redshifted Ha will require the new generation of infrared spectrometers with very high sensitivity.
Aside from continuity arguments (unambigous radio galaxies are seen up to redshifts z 1, they should have counterparts at higher redshifts) there are two pieces of (marginal) observational evidence that starlight makes up much of the light from high redshift radio galaxies. This evidence also suggests that (given a reasonable IMF cf. /16,17/) although the current star formation rate (SFR) is high, it must have been higher in the past.
First, Chambers and McCarthy /18/ found (modest) evidence for stellar absorption features in the rest frame ultraviolet spectra of high redshift radio galaxies. More significantly however, they found that among all the bright radio galaxies studied at high redshift, all have a significant turndown in the rest frame ultraviolet (f,,) shortward of 1500 A. For any reasonable initial mass function this cutoff suggests the star formation rate is decreasing or stoppedotherwise the ultraviolet would be dominated by hotter stars /18/. (This sharp turndown is also hard to reconcile with a nonthermal origin for the UV).
Second, most high redshift radio galaxies have significant 4000A breaks /9,19/. This is a rough measure of the ratio of present to past star formation. If the galaxy were dominated by the current star formation, (i.e. the hypothetical primeval galaxy) the SED would be roughly fiat in f~, with little or no break at 4000 A . Since they do have a break, then there must have been a time in the past when the star formation rate was higher.
The crucial question is when in past was the star formation higher? Lilly /7/ has suggested that the bulk of the star formation in 0902+34 was at a much earlier epoch, and unrelated to the current burst. Chambers and Chariot /18/ pointed out that a decreasing SFR, such as required to fit the ultraviolet data /18/, could also have produced a sufficient 4000 A break within the timescale of the current burst. This is consistent with the idea that the alignment effect is due (at least in part) to star formation triggered by the radio source.
Of course the presence of an underlying older giant elliptical can not be excluded given the large luminosities of these objects and the uncertainties of the SFR the IMF assumed in the models. But an older population is not required to obtain the observed magnitudes of the 4000 A breaks. Note that there is not much time available in popular cosmologies for these objects to have had an earlier star formation epoch which could produce an older population. For H 0 = 50 km/sec/Mpc and qo = 0.5, the universe is only 1.25 Gyr old at the redshift of 4C41.17 (z = 3.8). If one believes in inflation, and therefore prefers Q = 1, then any earlier, unrelated star forming epoch must have been at very high redshifts, z > 30, and occured relatively rapidly anyway.
An additonal constraint on the relative ages comes from the infrared alignments. Most of the aligned radio galaxies are also aligned in the infrared /10,11/. If the infrared light is dominated by an older stellar population, then at best there should be a slight 'anti' alignment (i.e. lined up with the minor axis) as there is at low redshift /20,21/. The younger stellar population models, where a decreasing SFR produces a significant 4000 A break in short timescale, provide a plausible solution.
However there are some high redshift radio galaxies which are quite compact and have a rounder morphology the infrared. Lilly /7/ has suggested that these objects are examples of an underlying older giant elliptical. Unfortunately, this is not necessarily a clean test of the radio source induced star formation scenario. In that picture one might expect such differences. If we are seeing the galaxy at the tail end of its formation process, then the inner regions of the galaxy were affected first as the radio source expands out into the protogalactic medium. The the outer regions are affected last, and are thus the bluest. Thus, if the star formation is occuring on a relatively short timescale, expanding in a deflagration from the center of the galaxy outwards with the radio source, one might expect the center to be older and redder than the edges. This suggests that, depending on the time which we happen to observe them, some objects could be more aligned in the blue than in the red.
Various scenarios have been proposed for how a radio source could trigger star formation. Rees /22/ and Begelman and Cioffi /23/ have proposed that the cocoons of "waste energy" inflated by the radio source engulfs and compressess cold gas clouds in a ripe protogalaxy, driving them over the Jeans limit and thus triggering star formation. De Young /24/ has emphasized the role of entrainment by the jet, and Daly /25/ has discussed an analytical model of the shock processes. Chambers /26/ has emphasized that if the radio age is as long as iOu, then the amount of mass in the star burst can approach the mass of a giant elliptical. Rapid star formation can also have an effect on the subsequent dynamics of the galaxy. Since the radio cocoon can synchronize a star burst through out a protogalaxy on a timescale much faster than a free fall time, it can lead to ideal conditions for dissipationless collapse. In this way, radio source induced star formation can provide an excellent mechanism for establishing the inital conditions required to form spheroids /26/.
One fundamental aspect of these considerations is the role that AGN's may have a played in the early stages of galaxy formation. Either thru the anisotropic ionizing continum, or the powerful radio source, or both, an AG N can drastically affect the state, and thus the cooling and collapse, of gas on galactic scales.
VERY HIGH REDSHIFT RADIO GALAXIES
In order to further investigate the galactic environment at high redshift, new and larger samples of high redshift radio galaxies are needed.
Previous work on distant radio galaxies has centered on various complete samples from flux-limited surveys. However, given the very large number of radio sources which become avaliable at fainter and fainter flux limits, it is desirable to develop techniques for pre-selecting the best candidates from such surveys. Our ultra steep radio spectrum method is based on the observed correlation between the radio spectra and luminosities of radio sources. Many authors have discussed the evidence for such a correlation /27,28,29,30/, but perhaps the most suggestive came from an investigation of a sample of 4C radio sources having ultra~steep spectra /31/. Blumenthal and Miley /32/ found that the fraction of radio sources which had counterparts on the Palomar Sky Survey was a strong function of the radio spectral index, with almost no identifications for the steepest spectrum sources.
Based on this, we have begun an extensive radio, optical, and infrared investigation of these sources /4,25/. Our ultra steep spectrum sample comprises 4C sources known to have spectral indices of a < -1, between 178 and 5000 MHz, where S,, = kva. The current status of our 4C ultra-steep spectrum survey is encouraging. Out of 33 4C ultra-steep spectrum sources, we have obtained 31 optical identifications, attempted optical spectroscopy of 32, have found 16 with strong emission lines and with z > 0.5, 8 of these with z > 2.
We are also currently extending our ultra-steep spectrum survey to fainter flux levels using sources from the Parkes, Texas, Molonglo, 6C, and 8C surveys /33/. Preliminary results on a subsample of 50 objects indicate 26 of these are aligned, 14 are unresolved, 5 appear to be intermediate redshift rich clusters, 2 are weak ID's, and 3 are blank fields. Our first spectroscopic run indicates that at least 3 of the aligned objects are z > 2.
Other groups pursing new high redshift radio galaxies are working from samples from a variety of surveys, including: the Parkes selected areas, The MIT-Greenbank survey, The Molonglo survey, the B3 survey, and miscellaneous other samples /34,35/.
At the moment, there are presently known about 65 radio galaxies with 1 < z < 2, 21 with 2 < z < 3 and 6 with z> 3. discovered by the various groups, but the numbers are sure to increase rapidly in the next few years.
SUMMARY
Selecting radio sources for study on the basis of their ultra-steep radio spectrum has proven to be an extremely successful technique for locating very high redshift galaxies. This in turn has helped discover a remarkable property of high redshift radio galaxies, that their optical/infrared continua are generally aligned with their radio axes.
The extended optical and infrared continua of high redshift radio galaxies are probably dominated by starlight, although there also appears to be a scattered component from the nucleus.
Much work remains to be done, including addressing the question of how much of a role radio sources may have played in triggering star formation in massive galaxies.
